Autofrettage and Re-autofrettage processes have been used to generate compressive residual stress at the near bore area of the cylinder to enhance the load carrying capacity of the cylindrical pressure vessels. These processes' main drawback appears in the detrimental high tensile residual stress at the outer part of the cylinder. On the basis of these findings, internal surface autofrettage combined with external surface autofrettage processes have been used to improve not only by increasing of compressive residual stress at the near bore area but also by decreasing of tensile residual stress at the outer surface area. For these cyclic plasticity processes, an accurate finite element model governed by non-linear kinematic hardening model (Chaboche model) has been used. This model simulates the measured stress-strain actual behavior for NiCrMoV125 steel alloy.
INTRODUCTION
Few researchers have attempted to use what they called re-autofrettage. This is a procedure wherein the pressure vessel is autofrettaged once and then, without any intervening process, is subjected to a second similar autofrettage cycle. This process may enhance the compressive residual stresses in the near bore area of the cylinder.
Parker [1] investigated double and triple autofrettage processes for his thick-wall cylinder to mitigate the Bauschinger effect. It has been found that the fatigue life of the cylinder is improved by at least a factor of 2. Jahed et al. [2] used the same technique implemented by Parker [1] but the autofrettage pressure was changed for each cycle. They found that there is no benefit in the re-autofrettage of a tube with the same autofrettage pressure, and the real benefit comes from using a low autofrettaged pressure first then a higher one. Compound autofrettaged and shrinkfitted cylinders have been also used to increase the beneficial compressive residual stresses at the near bore area of the cylinder [3] [4] [5] [6] . As discussed, the previous investigations were mainly focused on inducing beneficial residual stresses at the near bore area, neglecting the outer part. However, the results show that autofrettage induces harmful tensile residual stress at the outside layer of the cylinder, which may affect the fatigue life and carrying load capacity of the cylinder. Parker [7] proposed a compound cylinder the inner layer subjected to inner autofrettage load, while the outer layer subjected to reverse autofrettage process by applying the autofrettage load at the outer surface, and then shrink fit the two layers together. Ossama and Sedaghati [8, 9] proposed a double autofrettage process, in which a cycle of external surface autofrettage prior to an internal autofrettage cycle takes place. They improved the residual stress for a compound two layer cylinder by increasing the beneficial compressive stresses at near bore area and also decreasing the detrimental tensile stresses at the outer part of the cylinder.
On the other hand, many models have been used to model the autofrettage process considering Bauschinger effect. Jahed and Ghanbari [10] measured the actual tensile-compressive stress-strain behavior of alloy steel during the autofrettage process. They found that there is 30% over-estimation of compressive residual stress when compared with the ideal and bilinear isotropic hardening model. Huang [11] proposed a general autofrettage model that integrates the material strainhardening relationship and the Bauschinger effect, based upon the actual tensilecompressive stress-strain curve. Huang and Moan [12] proposed an analytical model based on the actual tensile-compressive curve of the material and the vonMises yield criterion incorporating the Bauschinger effect factor and the unloading modulus variation as a function of prior plastic strain. Amin et al. [13] found the optimum autofrettage pressure for a thick wall cylinder using multi-kinematic hardening model. Farrahi et al [14] studied the effect of re-autofrettage process on the residual stresses for thick wall cylinder using non-linear kinematic hardening model. They found that re-autofrettage without heat treatment only improves the residual stresses in high autofrettage percentage, but for low autofrettage percentage this method has no benefit.
In this paper, new techniques are examined by applying an autofrettage cycle on the external surface of the cylinder prior to different autofrettage cycles on the internal SM Proceedings of the 16 th Int. AMME Conference, 27-29 May, 2014 surface of the cylinder. Also combinations of double autofrettage processes followed each other applied to a mono-block cylinder are investigated. The residual stresses for these new combinations have been evaluated using nonlinear kinematic hardening finite element model and then compared together.
KINEMATIC HARDENING MODELS
Analysis procedure for autofrettage process involves autofrettage pressure and overstrain (defined as the proportion of the wall thickness of the tube which behaves plastically during the initial application of autofrettage pressure) which is typically based on Tresca or von Mises failure criteria. Here, using two different kinematic hardening models approximating the measured real material behavior (NiCrMoV125 steel) [10] . The first model is the bilinear kinematic hardening model in which E is the slope of the straight line in the elastic region (modulus of elasticity) and H is the slope of the straight line in the plastic region as shown in Figure 1 . On behalf of the second model, a non-linear kinematic hardening model (Chaboche) , as shown in Figure2, has been utilized for accurate approximation of the real stressstrain behavior under cyclic load, specially the progressive accumulation of the plastic strain during cyclic loading. The used model has been proposed by Chaboche and his co-workers [15] [16] [17] ; this model is based on a decomposition of non-linear kinematic hardening rule which is mainly significantly described in three critical segments of a stable hysteresis curve. These three segments are: 1. the initial modulus when yielding starts, 2. the nonlinear transition of the hysteresis curve after yielding starts until the curve becomes linear again, 3. the linear segment of the SM Proceedings of the 16 th Int. AMME Conference, 27-29 May, 2014 curve in the range of higher strain. It also enables the description of: a) the nonlinearity of stress-strain loops, under cyclically stable conditions, b) the Bauschinger effect, and c) the cyclic hardening and softening of materials with asymptotic plastic shakedown.
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Figure 2: Non-linear kinematic hardening behavior.
The yield function in Chaboche model is as shown in Eq.1 [18] :
Where, {s} is the deviatoric stress, σ y refers to the yield strength of the used material, [M] is the mass matrix, and {α} represents the back stress which can be calculated as follows:
where, ̂ is accumulated plastic strain, T is the temperature, C i ,  i are the Chaboche material parameters for n number of pairs. To determine C 1 and  1 constants for a known plastic strain-back stress behavior, one may consider back stress relation as:
Although, this expression assumes zero for initial back stress, the first data point may use the following equation for non-zero back stress.
Same procedure can be used to obtain C i and  i for higher levels of Chaboche Model.
Considering von-Mises yielding criteria, finite element models in the environment of ANSYS WORKBENCH 14.5 are constructed to calculate the residual hoop stress in an autofrettaged mono-block cylinder (one cycle of autofrettage on the inner surface). These models are used for a cylinder with inner and outer diameters of 146 mm, 305 mm, is made of the NiCrMoV125 steel. The material constants are: E=268 GPa, , ρ=7800 kg/m3 and σ y =700 MPa, where, ρ, , and σ y are the density, Poisson's ratio and yield stress, respectively. For the bilinear kinematic model the slope of the straight line in the plastic region has been taken as: H=75 GPa. Also, for a two level of nonlinear Chaboche model, the material parameters have been taken as: C 1 =75GPa,  1 =-50, C 2 =25Gpa,  2 =30 -see To verify these finite element models, the residual hoop stress distribution through the wall thickness is calculated for each model and then compared with that based on actual material behavior presented in work by Jahed and Ghanbari [10] , as shown in Figure 4 .
Figure 4:
Residual hoop stresses for different models.
In Figure 4 , r is the radial position and a is the inner radius. The results shown in Figure 4 clearly demonstrate that the predicted residual hoop stresses based on either the bilinear kinematic hardening or nonlinear kinematic hardening models have quite good agreement with the results based on the actual behavior, However the second model is much agreeable than the first one. On the base of these findings and the fact that the nonlinear kinematic model is usually used for cyclic plasticity, the nonlinear (Chaboche) kinematic hardening model has to be utilized for multiple autofrettage.
NEW COMBINATIONS OF MULTIPLE AUTOFRETTAGE
Using the proposed finite element nonlinear kinematic hardening model, new combinations of autofrettage process on the outer and inner surface have been developed to improve the radial distribution of residual stresses of the autofrettaged cylinders by increasing the beneficial compressive residual stresses at the inner part of the cylinder and decreasing the harmful tensile residual stresses at the outer part of the cylinder. These new combinations can be summarized as: Combination 1: One autofrettage cycle subjected to the outer surface of the cylinder followed by three cycles of autofrettage subjected to the inner surface and the autofrettage pressure for these three cycles has the same value. 
RESULTS AND DISCUSSION
For the same cylinder used in section 2, the residual hoop stresses have been evaluated for the prementioned combinations. For the sake of expose the improvement, the residual stresses after each cycle for each combination have been illustrated and then compared with the calculated residual stress due to the traditional inner surface single cycle autofrettage, as shown in Figures 5 through 10 . The values of autofrettage pressures for each combination are as shown in Table 1 . It is apparent from Figure 5 that combination 1 can improve the radial distribution of residual hoop stress by increasing the compressive stresses at the near bore area and decreasing the tensile residual stresses at the outer part of the cylinder. It should be noted that while the autofrettage cycles on the inner surface have the same autofrettage pressure there is no benefit of the second and third cycles over the first one. That may be compatible with the conclusion of Jahed et al. [2] . That may be compatible with the conclusion of Jahed et al. [2] . Figure 6 shows that the autofrettage cycles on the inner surface with ascending autofrettage pressure can improve the residual hoop stress by increasing the number of these cycles. However the increase of the beneficial compressive stress is not remarkable, the decrease in tensile stress is apparent compared with the residual stresses due to the traditional single inner cycle of autofrettage. Examination of Figure 8 reveals that cyclic double autofrettage processes have an obvious effect on improvement of the radial distribution of residual stresses. This combination increases the compressive residual stresses considerably, especially at the inner bore area (working area), and slightly increase the harmful tensile residual stresses at the outer part of the cylinder. It has been observed from Figure 9 that the effect of double autofrettage cycles with ascending autofrettage pressure has slightly consequence in improving the residual stresses. Figure 10 shows that the double autofrettage cycles with descending autofrettage pressures cause losing of the benefit of double autofrettage and impair the distribution of the residual stresses.
Usually any autofretted cylinder can withstand internal working pressure around the value of autofrettage pressure. Therefore the equivalent Von-Mises stress for all prementioned combinations (after the third cycle) have been calculated under the effect of 500 MPa working pressure to demonstrate which combinations behave elastically under this high operational load. Figure 11 provides Von-Mises stress distribution along the wall thickness for all different combinations compared with stresses for a cylinder subjected to inner single autofrettage cycle and with stresses for a mono-block virgin cylinder which has no residual stresses. It is clear from Figure 11 that combinations 4 and 5 are the only cylinders which behave elastically when subjected to 500 MPa working pressure. It is also obvious that combination four can withstand more operational load.
SUMMARY AND CONCLUSIONS
This paper addresses new techniques of cyclic autofrettage and double autofrettage processes. The residual stresses for these new combinations have been evaluated using nonlinear kinematic hardening finite element model and then compared with (2) Combination (3) Combination (4) Combination (5) Combination (6) Inner Single Autofrettage Virgin (no residual) SM Proceedings of the 16 th Int. AMME Conference, 27-29 May, 2014 those due to the conventional inner single cycle autofrettage for a thick wall cylindrical pressure vessel.
It has been proved that the nonlinear kinematic hardening model is more accurate than the bilinear kinematic hardening model if the residual stress distributions based on both models are compared with those based on the actual stress strain behavior of the material. Moreover the nonlinear kinematic hardening model gives the ability to consider the effect of cyclic plasticity. Also, it is found that most of these new combinations could enhance the residual hoop stress over the whole thickness of the cylinder wall.
The conclusion's highlights for these new combinations are summarized below as: 1-For combinations one and three, there is no need for cyclic autofrettage processes, as the residual stresses do not improve with sequenced autofrettage cycles. 2-In contrast, combinations two, four and five provide enhancement of the residual stress with increasing of number of autofrettage or double autofrettage cycles. 3-In a different way, Combination 6 losses the residual stresses specially at the near bore area with the increase of double autofrettage cycles. 4-Combination 4 is the most recommended as it provides high improvement in the compressive residual stresses at the inner part of the cylinder with the increase of the double autofrettage cycles, besides it affords slightly increase in the nondesirable tensile stress at the outer part of the cylinder with increase of number of cycles.
Regarding cyclic autofrettage and double autofrettage processes, one can conclude that these techniques are very promising to be used in improving the radial distribution of the residual hoop stresses.
